ABSTRACT: Concentration and variation of 16 free amino acids were measured in the internal and external pools of 11 marine phytoplankton species belonging to 5 taxonomic classes in culture. Changes detected in each pool were related to both the species, classes and phases of growth. The intracellular and extracellular pools had a different con~position. The internal pool was characterized by aspartic acid, glutamic acid, serine, glutamine and leucine, which accounted for > 7 0 % of the total concentration. The extracellular pool was characterized by senne, glycine, leucine and lysine, accounting for >?O "10 of the total concentration. The proportions and combinations of these compounds were variable and enabled the species and classes of phytoplankton to be grouped according to their internal and external amino acids content. The abundance and flux of free amino acids seem to be related to both the size, biomass and metabolic activity and the growth conditions of the phytoplankton.
Although carbon and nitrogen are useful parameters in the study of the properties and dynamics of dissolved organic matter in seawater, specific molecules, such as amino acids, are known compounds involved in various biological and physiological processes in plankton. Laanbroek et al. (1985) reviewed the implications of these compounds at various steps of the marine food web.
In the pelagic ecosystem, bacteria are known producers and consumers of dissolved amino acids (e.g. Lancelot & Billen 1984 , Carlucci et al. 1986 . Zooplankton are also known to produce amino acids through excretion (Webb & Johannes 1967) , fecal production (Poulet et al. 1986 ) and presumably through 'sloppy feeding' (Lampert 1978 , Williams & Poulet 1986 ). According to Braven et al. (1984) , the total concentration of dissolved amino acids in seawater can account for 13 to 30 % of the total dissolved nitrogen. This pool probably reflects the balance between release and uptake processes, due to the physiological activity of bacteria (Fuhrman 1987) and phytoplankton (Flynn & Butler 1986) . Amino acids can also be released in seawater by decay of senescent phytoplankton cells (Fogg 1983) . Chlorophyll a, used as O Inter-Research/Printed in F. R. Germanv an index of the phytoplankton biomass, and free amino acids in seawater are sometimes not correlated, or may be negatively correlated (Jerrgensen 1982 , Keller et al. 1982 , Macko & Green 1982 . Therefore, it appears that the contribution of phytoplankton alone to the flux of amino acids in seawater may be masked by the activity of the other contributors (Poulet et al. unpubl.) .
Laboratory experiments allow a more accurate estimation of the contribution of phytoplankton to the pool of dissolved free amino acids (Hammer & Eberlein 1981 , Hammer & Brockmann 1983 , Poulet & MartinJezequel 1983 , Admiraal et al. 1984 . Is the intracellular pool of free amino acids characteristic of particular species? Is it reflected by the extracellular pool measured in the culture medium, or in seawater? Previous results (Parsons et al. 1961 , Chau et al. 1967 , Daumas 1976 , Enright et al. 1986 ) have shown that amino acid composition was similar, regardless of the species and size of the phytoplankton. These results were obtained after hydrolysis of the samples, and were related to total amino acids (combined plus free), reflecting the composition of protein (combined fraction) rather than the free amino acids pool alone. The extraction and analytical procedures of high perform-Mar Ecol. Prog. Ser. 44: 303-313, 1988 ance liquid chromatography (e.g. Lindroth & Mopper al. (1985) . A test of similarity (Clifford & Stephenson 1979 , Liebezeit 1985 allow detection of traces of dis-1975) was used to compare molar percentages in the solved free amino acids, both inside and outside cells. intra-and extracellular amino acids pools of the phytoThis paper examines and compares the composition plankton. of the intra-and extracellular pools of water-soluble free amino acids of 11 species of algae, cultivated under similar conditions, and belonging to 5 classes of marine phytoplankton.
RESULTS

Intracellular pool of free amino acids
METHODS
The strains of the phytoplankton algae were obtained from the Marine Biological Association culture collection (Plymouth, UK), and belong to 5 taxonomic classes: Bacillariophyceae (Thalassiosira rot ula, Thalassiosira weissflogii, Skeletonema costatum, Coscinodiscus wailesii); Cryptophyceae (Cryptomonas appendiculata, Cryptomonas maculata); Dinophyceae (Gyrodinium a ureolum, Gymnodinium simplex, Scrippsiella trochoidea); Chlorophyceae (Dunaliella tertiolecta) and Haptophyceae (Isochrysis galbana). The non-axenic cultures were grown in batch under continuous light illumination; the medium was made using natural seawater, prefiltered on 0.22 pm Millipore filters and enriched with nitrates, phosphates, silicates, metals and vitamins, as in the f/2 medium of Guillard & Ryther (1962) , without Tris or any other element (see Moal et al. 1987 for details). Samples for dissolved free amino acids (DFAA) were collected at the same times as replicate samples analysed for a complementary biochemical study (Moal et al. 1987) .
For the intracellular pool of DFAA, 10 m1 from each culture were sampled at 2 periods of growth (actlve growth, corresponding to the exponential phase; reduced growth, corresponding to the stationary phase; see Moal et al. 1987 for details). They were gently syringed on Millipore filters (0.45 pm; diameter 23 mm) to prevent breakage of the cells (Fuhrman & Bell 1985) and stored at -20°C without washing. The cell-free culture medium was collected at the same time, and frozen in acid-washed vials for analysis of the extracellular pool of DFAA. Extraction of the intracellular DFAA was acheved in 1 m1 ultra-clean distdled water after grinding the filters in a tissue grinder, centrifuging for 5 min at 3000 rpm and collecting the supernatant, just prior to the analysis. Sixteen free amino acids (ASP: aspartic acid; GLU: glutamic acid; ASN: asparagine; SER: serine; GLN: glutarnine; HIS: histidine; GLY glycine; ARG: arginine; ALA: alanine; TYR: tyrosine; ABA: a-aminobutyric acid; VAL: valine: PHE: phenylalanine; LEU: leucine; ORN: ornithine; LYS: lysine) were analysed, using a reversed phase high performance liquid chromatography technique as described by Lindroth & Mopper (1979) and Dawson et The total concentration of free amino acids in the intracellular pool was measured at 2 phases of growth ( Table 1 ). The cell concentration of DFAA (nmol cell-') was obviously species dependent, whereas the volume concentration (nmol calculated by dividing by the cell volume) was in general inversely proportional to the volume of the cell (except for Dunaliella tertiolecta). The amount of DFAA tended to decrease from the active to the reduced phase of growth. In order, Cryptrophyceae, Dinophyceae (except Scnppsiella trochoidea), Haptophyceae, Bacillariophyceae and Chlorophyceae contained decreasing amounts of DFAA per unit cellular volume.
The relative concentration of each amino acid forming part of the intracellular pool ( Fig. 1) was not uniform with regard to either species or phase of growth. These results reflect the variability of the pool of DFAA in phytoplankton. In general, 2 to 5 amino acids out of the 16 studied were responsible for 70 O/O or more of the total concentration. They were ASP, GLU, SER, GLN and LEU. These few amino acids were species dependent; combined, they characterize the 'chemical print' of each alga. Among the secondary group of amino acids, accounting for 30 O/O or less of the total concentration, in decreasing order of abundance, GLY, ARG, ALA, TYR, VAL, ORN, LYS and PHE. HIS and ABA were undetectable in the majority of the samples (Fig. 1) . Some amino acids were detected in a few algae, such as HIS in Skeletonema'costatum and Scrippsiella trochoidea, TYR in Gyrodinium aureolum, ARG in S. trochoidea and Gymnodinium simplex, and PHE in the 4 species of Bacillariophyceae.
A similarity test (Clifford & Stephenson 1975 ) was made on the 11 species during their phases of growth, based on their amino acid compositions (Fig. 2) . The higher the value of the index, the greater the similarity between the species. Results in Figs. 1 and 2 enabled the species to be grouped according to their biochemical composition. Bacillariophyceae and Haptophyceae had similar compositions, characterized by ASP. GLU, GLN, ALA and TYR (similarity: 62 to 95 %). Among the Cryptophyceae (Cryptomonas appendiculata) and Chlorophyceae, similar compositions were also observed, characterized by ASP, GLU, SER, GLY, ALA, TYR, VAL and LEU (similarity: 60 to Gymnodinium simplex) were characterized by LEU in addition to ASP, GLU, GLN, ALA, and TYR. The DFAA compositions of species Bacillariophyceae, Dinophyceae (S. trochoidea), Cryptophyceae, Chlorophyceae and Haptophyceae were quite stable during the 2 periods of growth, as demonstrated by the high values of the similarity index (60 to 90 %). However, 2 members of the Dinophyceae (G. aureolunl and G. simplex) and 1 member of the Cryptophyceae (Cryptomonas maculata) showed consistent dfferences between the phases of growth (similarity: < 60 % ;
Figs. 1 and 2).
related to the density and physiological activity of the cells, as shown by the flux values, estimated between the 2 periods of growth ( Table 2 ). The smallest species (Haptophyceae, Chlorophyceae and Cryptophyceae; Table 1 ) had the highest biomass in conjunction with the highest flux of amino acids (Table 2) . Therefore, cell size and biomass seem to be relevant factors controlling the DFAA flux. Net flux for the Bacillariophyceae was negahve or lower than that observed for the other classes. With the exceptions of Thalassiosira weissflogii and Skeletonema costatum, all species contributed to an accumulation of DFAA in their culture medium. In Coscinodiscus wailesu', despite its larger size (Table l ) , flux of amino acids was not exceptionally high, probably because of its low rate of growth.
The relative DFAA compositions in the extracellular pool are shown in Fig. 3 . GLU, SER, GLN, GLY, LEU and LYS accounted for more than 70 O/ O of the total concentration; the proportion of these compounds varied among the species. Among the 10 minor amino acids which formed 30 O/ O or less of the concentration, HIS and ORN were undetectable in most of the culture media.
A similarity test enabled the species to be grouped according to the DFAA composition of the culture medium (Fig. 4 ) . A similarity index of > 7 0 % was calculated between the Bacillariophyceae and the Dinophyceae, and 53 % between the Chlorophyceae and the Haptophyceae. The DFAA pools in the culture medium of the Bacillariophyceae and Dinophyceae were different from those observed in the Chlorophy-
Extracellular pool of free amino acids
Total DFAA concentration (nmol l-l) measured in the extracellular pool (i.e. culture medium) increased from the exponential to the stationary phase by 8 to 415 ' 10, or decreased by 50 to 80 O/ O of the initial concentration, depending on the species. These values represent the net concentration, resulting from the balance between absorption and release of amino acids ( Table 2 ). The highest amino acid concentration was found in the culture medium of Chlorophyceae, followed (in order) by Cryptophyceae, Haptophyceae, Bacillariophyceae and Dinophyceae. These differences were probably Fig. 2 . Test of similarity, comparing intracellular dissolved free amino acids (as in Fig. 1 ) of 11 species of phytoplankton during the exponential (EXP.) and stationary (STAT.) phases of growth. Taxonomic classes: BA, Bacillariophyceae; DI, Dinophyceae; CR, Cryptophyceae; CH, Chlorophyceae; HA, Haptophyceae ceae and Haptophyceae (similarity = 22 O/O). Thus, the DFAA composition of the external pool varied according to both the class of phytoplankton and the growth phase (Fig. 4) . The temporal variabihty was species specific: for example, Thalassiosira weissflogii, Cryptomonas appendiculata and C. maculata had the most variable extracellular DFAA composition (similarity < 4 0 % ; Fig. 4) , whereas Gyrodinium aureolum and Dunaliella tertiolecta had a more stable composition (similarity > 85 % ; Fig. 4 ).
DISCUSSION
Measurements of the composition and variation of the DFAA (Tables 1 and 2 ; Figs. 1 and 3) add some complen~entary information to the biochemistry of the 11 species of phytoplankton reported by Moal et al. (1987) .
It appears that the intracellular pools of combined amino acids (Parsons et al. 1961 , Chau et al. 1967 , Daumas 1976 , Enright et al. 1986 ) and free amino acids Table 2 . Total concentration of free amino acids and phytoplankton biomass, measured in the culture media of the 11 species. during 2 phases of growth. Flux of amino acids has been estimated for each species between the 2 phases of growth (time-lag between phases: 4 to 13 d; see Moal et al. [ Chau et al. (1967) found no differences between algae in relation to their combined amino acids compositions. Similar conclusions were reached earlier by Parsons et al. (1961) . The major amino acids measured in the combined fraction were LEU, ALA, ASP, GLU, GLY, LYS and ARG. Ennght et al. (1986) also noticed that the combined fraction was relatively stable and uniform among phytoplankton, with ASP, GLU and LEU forming the majority of the concentration. Therefore, the pool of free amino acids is variable, while the pool of combined amino acids is not, both with regard to the size and the species of phytoplankton. The range of DFAA concentrations in the intracellular pool (Table 1) is similar to that reported by previous authors (Table 3 ). This pool (Figs. 1 and 2 ) results from the balance between the cellular accumulation and metabolic utilization of DFAA during protein synthesis and incorporation in the different constituents of the cell. It is mainly related to the nitrogen metabolism of the phytoplankton (Table 3 ). The accumulation of amino acids is controlled by the intracellular nitrogenous pools, such as NHZ and proteins (Dortch 1982 , Dortch et al. 1984 . The intracellular DFANprotein ratio (Table 4 ) changed according to both the phase of growth and to the phytoplankton species. According to Dortch et al. (1985) , this ratio is an index of the nitrogen status of the cells, characterizing the gradual incorporation of DFAA in the cellular constituents during the phase of growth.
In addition, the specific rate of DFAA incorporation among the taxonomic groups of algae (Table 4) can change according to the dependence of the cell cycle on nutrient or light (Wheeler et al. 1983 , Vaulot et al. 1987 . Therefore, under similar conditions in culture, cellular accumulation of DFAA and protein synthesis may be different, depending on the species. Composition of the free pool of amino acid is also related to the pattern or carbon metabolism. Incorporation of carbon in the 3-phosphoglycerate cycle is reflected by the accumulation of glycerol and some amino acids (SER, ALA, GLY) as shown in the Chlorophyceae and Haptophyceae. Incorporation of carbon in the Krebs cycle also gives rise to a higher diversity of amino acids, as shown in the Bacillariophyceae by Beardall et al. (1976) and Mortrain-Bertrand et al. (1987) .
The steady state of the free pool is related to the incorporation of nitrogen in the cell constituents (Turpin & Harrison 1978 , Dortch et al. 1984 . Only a small proportion of free soluble amino acids is involved in the metabolism and protein synthesis of the cell, whereas the majority is apparently metabolically inert (Wiemken & Durr 1974) . The amino acids (GLU, ALA) preferentially incorporated into protein form the 'metabolic pool' located in the cytoplasm, while basic amino acids (ARG, LYS, ORN) are constituents of the 'storage pool' located in the vacuole (Oaks & Bidwell 1970 , Wiemken & Diirr 1974 , Wheeler & Stephens 1977 , Matile 1978 . When the amount of nitrogen available to the cells is not sufficient, the intracellular DFAA may act as a nitrogen buffer with amino acids from the 'storage pool' refilling the 'metabolic' pool (Matile 1978) . Thus, the concentration of some specific amino acids can vary in relation to nitrogen status, and to the metabolic and catabolic utilization of amino Table 3 Comparison of total and partial concentrations of free amino acids of the intracellular pool. Range of values found for different experimental conditions. BA: Bacillariophyceae; DI: Dinophyceae; CH: Chlorophyceae; HA: Haptophyceae. ' Admiraal et al. (1986) , who showed, in Bacillariophyceae, that nitrogen reduction in the culture medium had a major influence on the cellular concentration of GLU, HIS, GLN and ARG. There was little effect on the intracellular amounts of TYR, LYS, LEU and isoleucine. Results in Figs. 1 to 4 demonstrate that the intra-and extracellular DFAA compositions are different, and that both are species specific for phytopianktonic cells in culture. Flynn & Butler (1986) came to similar conclusions for phytoplankton in natural conditions. However, DFAA composition could be identical between the 2 pools under special circumstances, such as leakage from senescent or damaged cells (Fuhrman & Bell 1985) .
The extracellular chemical composition measured in the culture medium, or in seawater, reflects several patterns, which are not easy to differentiate. Hammer & Brockmann (1983) have reported that the presence of LYS, GLY, SER, ALA and VAL in the culture medium corresponds with cell division; while accumulation of LEU and GLU was in phase with the light period. Under large enclosure experimental conditions, it was demonstrated that low C/N amino acids (e.g. LYS) prevailed in the extracellular pool and were characteristic of high biosynthetic activity of the cells. Conversely, high C/N amino acids (e.g. ASP and GLU) accunlulated at the end of the growth period, due to proteolytic liberation , Hammer & Kattner 1986 . Therefore, the accumulation of specific amino acids in the water reflects the metabolism and growth phase of the cells.
Excretion and reabsorption of amino acids by algae can modify the composition of the extracellular pool (Hellebust & Guillard 1967 , Hellebust 1978 , Bonin & Maestrini 1981 , Ming & Stephens 1984 , Admiraal et al. 1984 , Flynn & Syrett 1986 , 1986a , b, Syrett et al. 1986 ). Our measurements ( Fig. 3; Table 2 ) reflect the net concentration of DFAA, probably resulting from the balance between excretion and heterotrophic utilization. Obviously, there is some variability due to species and classes of algae (Fig. 4) . Wheeler et al. (1974) and Turner (1979) mentioned that ASP and GLU are generally not utilized, except by Chlorophyceae and pennate Bacillariophyceae. Amides, GLN, ASN, GLY, SER and ALA are good nitrogenous sources during algal growth, and therefore could be preferentially absorbed by the cells (Syrett 1981 , Ming & Stephens 1985 . In general, the selective absorption of basic amino acids is maximum when phytoplankton are facing a n N-deprivation situation (North & Stephens 1972 , Neilson & Lewin 1974 , Admiraal et al. 1984 , Ming & Stephens 1984 . The external pool of DFAA also reflects the heterotrophic competition between phytoplankton and bacterial activity. Uptake of amino acids by bacteria has been extensively documented (e.g. Crawford et al. 1974 , Arnano et al. 1982 , J~r g e n s e n et al. 1983 al. , Carlucci et al. 1985 . It may be related to the growth phase of the algae (Fukami et al. 1985) and can also vary depending on the type of bacteria -free or attached to particles (Bright & Fletcher 1983) . The selection of amino acids by bacteria can be extremely diversified (Meyer-Re11 et ai. 1979 , ffirchman & Hodson 1986 . Bacteria may also add supplementary amino acids to the external pool by biodegradation of protein (HoUibaugh & Azam 1983 ). This activity is generally reflected by the addition of enzymatic degradation, in the form of 2 decarboxylation products (ALA for ASP and ABA for GLU) and of one decomposition product (ORN from ARG).
Natural decay of proteinaceous material is also involved in the transformation of the pool of DFAA in seawater. The amino acids accumulating in the water are thus GLY, ASP, ALA, SER, GLU and threonine (Lee & Cronin 1984 , Miiller et al. 1986 .
In nature, these various sources and factors, such as those listed above, may all occur simultaneously in the formation of the external DFAA composition. Although they are rather difficult to distinguish from each other, DFAA are always the signature of plankton activity.
